Background: Limonium bicolor, a halophytic species, can grow in saline or saline-alkali soil, is well known as a traditional Chinese medicine. Recently it attracted much attention for its treatment for cancer. Objective: The present study was performed to evaluate this species from the phytochemical standpoint and the possible relationship between the antitumor activity and its natural products. Materials and methods: The chemical constituents from the flowers of L. bicolor were investigated through bioassay-guided fractionation and isolation. All the individual compounds were characterized by spectroscopic analysis and their potential antitumor activity was tested against three different human tumor cell lines by MTT assays. Results: The EtOAc extract was proven as the most potent fraction and further fractionation led to the isolation of 15 natural flavonoids, which were characterized as luteolin (1), acacetin (2), quercetin (3), isorhamnetin (4), kaempferol (5), eriodictyol (6), kaempferol- (14) and rutin (15). The biotesting results demonstrated that both compounds 1 and 3 showed good cytotoxicity against human colon cancer cells (LOVO). Compound 5 exhibited relative greater growth inhibition against both human breast cancer cells (MCF-7) and osteosarcoma cell lines (U2-OS) at the concentration of 100 μg/mL. Conclusion: On the basis of these findings, the flavonoids were deduced to be potentially responsible for the antitumor activity of L. bicolor. The preliminary structure-activity relationship analysis suggests that the 3-O-glycosylation moiety in natural flavonoids was not essential for the antiproliferative activity on LOVO and U2-OS cells.
SUMMARY
• The phytochemical investigation of Limonium bicolor led to the isolation of 15 flavonoids.
• The biotesting of the isolates against three different human tumor cell lines was evaluated.
• The structure-antitumor activity relationship between the isolated flavonoids was discussed. 
Flavonoids Isolated From the Flowers of Limonium bicolor and their In vitro Antitumor Evaluation

INTRODUCTION
Among the hundreds of salt-tolerant halophytes, many Limonium species of the family Plumbaginaceae have been used to treat a wide variety of therapeutic purposes. Limonium bicolor (Bunge) O. Kuntze, a halophytic species can grow in saline or saline-alkali soil, is well known as a traditional Chinese medicine to be used for the treatment of anemia, hemostasis, emmeniopathy and carcinoma uteri. [1] In literatures, the presence of polysaccharides, [2] flavonoids, [3,-6] steroids, [7] and sulfated phenolics [8] in Limonium species have been reported. However, a comprehensive evaluation of L. bicolor from the phytochemical standpoint was scarcely performed, let alone the possible relationship between the antitumor activity and the natural products from this species. The present research focuses on the isolation and identification of the active chemical constituents from L. bicolor. Furthermore, the evaluation of the isolated compounds on potential antitumor activity, is also the purpose of this paper.
MATERIALS AND METHODS
Plant material
The aerial parts of L. bicolor (Bunge.) O. Kuntz were collected in June 2011 in the south of Taibai Mountain, Shaanxi (China). The plant was identified by Professor Liu Qi-Xin at the Institute of Botany, Jiangsu
Province and Chinese Academy of Sciences, Nanjing (China). A voucher specimen (No. 11808-1) was deposited in the herbarium, Institute of Botany, Jiangsu Province and Chinese Academy of Sciences.
Chemicals and instrumentations
Silica gel 60 (0.015-0.040 mm; Merck) was used as normal phase, whereas LiChroprep RP-18 (40-63 μm; Merck) was used as reversed phase column material. MCI gel CHP20P (75-150 μm; Mitsubishi Chemical Corp.) and Sephadex LH-20 (GE healthcare) were used for column chromatography as well. MCF-7, a breast cancer line in women, and LOVO, a human colon carcinoma cell line, together with U2-OS, an osteosarcoma cell were all obtained from Chinese Academy of Sciences Center for Type Culture Collection (Shanghai). 5-Fluorouracil (5-FU) was used as a positive control. Dimethyl sulfoxide (DMSO) and 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) were purchased from BioSHARP and Solarbio Company, respectively. All the other cell-culture reagents were purchased from Gibco Company and all the other chemicals were of the highest-grade available. TLC analyses were carried out on silica gel plates (KG60-F254, Merck). The melting point was measured with an X-6 micromelting point apparatus (Beijing Tech).
1 H and
13
C NMR spectra were obtained on a Bruker Avance III 400 spectrometer in DMSO-d 6 (Sigma-Aldrich). HR-ESI-MS spectrum was measured on an Agilent 6530 UPLC-Q-TOF mass spectrometer. Preparative HPLC was performed on Shimadzu model LC-6AD pump equipped with a SPD-20A detector. The absorbance of 96-well microtiter plate in inhibitory assay was measured with a microplate spectrophotometer Molecular Devices Plus 384.
Extraction of the flavonoids
The flower parts of L. bicolor (7.5 kg) were dried and cut into small pieces and extracted with 80% aqueous EtOH at room temperature for 30 days twice to afford crude extract (450 g) after evaporation in vacuo of the solvent. The crude extract was suspended in water and partitioned successively with n-hexane, EtOAc, and n-BuOH. The fractionations were filtered and concentrated by evaporation under reduced pressure with a rotavapor at 40°C to afford a dark green n-hexane residue, a dark brown EtOAc residue (120 g, 1.6% yield), and a dark-brown n-BuOH residue, respectively.
Purification and isolation of the flavonoids
All the aforementioned residues were applied to evaluate their cytotoxicity against three different human tumor cell lines. At a concentration of 100 μg/mL, the EtOAc extract showed the highest inhibitory activity of 87.89%, 99.04%, and 80.78% against LOVO, U2-OS, and MCF-7 cell lines, respectively. The EtOAc extract (120 g) was further subjected to macroporous resin D101 column chromatography (CC) eluting with a gradient solvent system (H 2 O/EtOH). Fractions E1~5 were obtained after being pooled according to their TLC profiles. Fraction E2 (12 g) was further subjected to repeated CC over Polyamide and Sephadex LH-20 to furnish fractions. The combined fractions were finally purified by prep-HPLC to afford compounds 1 and 2. Fractions E3 (25 g) and E4 (10 g) were purified through repeated CC followed by prep-HPLC method to yield compounds 3-11 and 12-15, respectively.
Cytotoxic assay against LOVO, U2-OS, MCF-7 cell lines
According to the documented method with some modification, [9] [10] [11] the antitumor activities of the isolated fifteen compounds were evaluated against human tumor cell lines using the MTT assay, which is based on the ability of glycolytic pathway enzymes to cleave MTT to the blue compound formazan. Briefly, cells were seeded in 96-well microplates C NMR) and by comparison with literature data. They were identified as luteolin 1, [12] acacetin 2, [13] quercetin 3, [14] isorhamnetin 4, [12] kaempferol 5, [14] eriodictyol 6, [14] kaempferol-3-O-α-L-rhamnoside 7, [13] kaempferol-3-O-β-D-glucoside 8, [15] quercetin-3-O-α-L-rhamnoside 9, [14] quercetin-3-O-β-D-glucoside 10, [15] quercetin-3-O-β-D-galactoside 11, [14] myricetin-3-O-α-L-rhamnoside 12, [14] kaempferol-3-O-(6″-O-galloyl)-β-D-glucoside 13, [15] hesperidin 14, [16] and rutin 15. [15] Among them, the compounds 4, 5, 7, 9, 10, 11, and 15 were isolated for the first time from this plant, whereas the compounds 2, 8, 13, and 14 have not been obtained from the genus Limonium.
RESULTS AND DISCUSSION
Identification of the isolated compounds
Inhibitory activities of isolates against LOVO cells
The potential anticancer activity of the isolated compounds was evaluated in terms of LOVO proliferation. As shown in [Table 1 ], luteolin, [1] quercetin, [3] and acacetin [2] exhibited excellent inhibitory activities against LOVO cells when 100 μg/mL were used, with values higher than that of positive 5-FU (72.30%). At same concentration, isorhamnetin [4] and kaempferol [5] both displayed a moderate cytotoxicity against LOVO cells. In particular, the inhibition effect was reduced with the decreased concentration and a dose-dependent effect was observed on cell viability and proliferation in the tested range. It is noteworthy that both kaempferol-3-O-α-L-rhamnoside [7] and quercetin-3-O-α-L-rhamnoside [9] exhibited a reduced effect to the same concentration of their aglycones, suggesting that 3-O-glycosylation moiety in these flavonoids was not essential for the inhibitory activity. This conclusion could be proved by the fact that no clear inhibition of cell proliferation was found when quercetin-3-O-β-d-glucoside, [10] hesperidin [14] and rutin [15] were used.
Inhibitory activities of isolates against U2-OS cells
As shown in Table 2 , luteolin [1] and acacetin [2] all showed a remarkable cytotoxicity on U2-OS cells with serial concentrations. The dosedependent effects were observed in U2-OS cells as well. Interestingly, eriodictyol [6] resulted in a considerable inhibition of proliferation against U2-OS cells, which was relative slight in response to cytotoxicity against LOVO cells. On the contrary, kaempferol [5] displayed almost no inhibition activity against U2-OS cells at serial concentrations. In addition, only kaempferol-3-O-β-D-glucoside [8] and myricetin-3-O-α-L-rhamnoside [12] showed very limited cytotoxicity (inhibition >10%) against U2-OS cells, suggesting that glycosylation of flavonoid aglycones will decrease their abilities on antiproliferative property.
Inhibitory activities of isolates against MCF-7 cells
As shown in Table 3 , only acacetin [2] resulted in a considerable inhibition of proliferation against MCF-7 cells, suggesting a particular effect regarding the cytotoxicity of this compound. On the contrary to the effect of flavonoids against LOVO and U2-OS cells, kaempferol-3-O-α-L-rhamnoside [7] and kaempferol-3-O-β-D-glucoside [8] displayed relative higher inhibition activity against MCF-7 cells at serial concentrations. The rest of isolated flavonoids showed very limited cytotoxicity even with highest concentration, whereas both hesperidin [14] and rutin [15] with two sugars moiety in their structures displayed no clear inhibition of cell proliferation, suggesting that glycosylation by only one single sugar on aglycones could slightly increase their abilities on antiproliferative property.
CONCLUSION
Although dozens of natural products were reported in genus Limonium, it is still important to point out that it is rare for such abundant flavonoids isolated from one single species. Natural flavonoids, triterpenoids, and alkaloids were reported to be related with cytotoxicity against cancer cells.
[ [17] [18] [19] [20] However, the potential anticancer activity of the isolates from L. bicolor was far less explored. In the present study, many of the flavonoids isolated from the flowers of L. bicolor seem active for the inhibition of the cancer cell lines studied. The influence of the type of flavonoid itself, the glycosylation, and the number of sugar moieties in their structure were evaluated. By comparison of the inhibitory activity of proliferation in LOVO cell lines, luteolin, [1] acacetin [2] and quercetin [3] showed relative higher cytotoxicity, suggesting that one unsubstituted allylic hydrogen on C3-position and two adjacent hydroxyl groups in B-ring seem much more important for the inhibitory potency. These results were in agreement with the previous report on unglycosylated flavonoids. [21] In addition, the present study demonstrated that the flavonoid glycosides with sugar moiety in their structure displayed less significant effect on the inhibition of LOVO cells, indicating that 3-O-glycosylation in flavonoid was not essential for the antiproliferative activity. Regarding the inhibition of U2-OS cell lines by the isolated flavonoids, both acacetin [2] as an O-methylated flavone and eriodictyol [6] as a flavanone have proven to show strong cytotoxicity, implying that they could play important roles of action with specific mechanism. Among the rest compounds tested, such as quercetin-3-O-α-L-rhamnoside, [9] quercetin-3-O-β-Dglucoside, [10] quercetin-3-O-β-D-galactoside, [11] and rutin, [15] bearing different types of sugar core, were inactive against the U2-OS cell lines, indicating that addition of sugar moiety at position C3 was meaningless for the increase of the inhibitory activity in vitro. The present study also demonstrated that acacetin [2] displayed the most significant effect on the inhibition of proliferation in MCF-7 cell lines, suggesting that the methyl ester of the isolates influence their activities a lot. As a conclusion, the firstly anticancer screening of fractionations characterized the EtOAc extract as the most potent fraction. Following a bioassay-guided chemical investigation on its antitumor constituents of the flowers of L. bicolor, led to the trace of 15 natural flavonoids. The result from the present study would be a complementary evidence for the use of L. species in the treatment of cancer. The biological screening suggested that the flavonoids in L. bicolor are among the major constituents responsible for its anticancer activity. 
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